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Introduction
In this note a scheme for the collection, phase rotation and cooling of muons for a
neutrino factory is reported. The scheme is sufficiently generic to be site independent also
if some particular choices are influenced by the CERN design. The system discussed in
this note is worked on as a possible alternative to the induction linac scheme [1]. The
results presented assume the following overall set-up: the proton driver is constituted by a
2GeV superconducting linac [2] followed by an accumulator and compressor ring [3]; the
muon re-circulator and decay ring are assumed as described in PJK scenario [4].
Layout
A pion beam was generated (program fluka) from a 2 GeV proton beam (dp/p=1.2 10^-
2,emittx=50Pm) impinging on a 26 mm mercury target immersed in a 20 Tesla solenoid.
The data were extrapolated (linearly) to a 260mm long target. After the target the pions
are allowed to decay in a 30m long channel focussed by a 1.8 Tesla solenoid. At the end
of the decay channel the particles with kinetic energy in the range 100-300 MeV are
captured in a series of 44 MHz cavities and their energy spread reduced bz a factor two.
At this point a first cooling stage, employing the same RF cavities, reduces the transverse
emittance in each plane of a factor 0.6 while keeping the final energy constant. After the
first cooling stage the beam is accelerated to an average energy of 300 MeV. The beam
phase extension as well as the reduced physical dimensions of the beam allows to employ
an 88 MHz cavity cooling system. The final number of particles in a 15 S mm normalised
ellipse area (reference value for the storage ring acceptance [4]) seems to match the muon
flux required by a neutrino factory. The system will be continued at 88 MHz, at 176MHz
and finally at 352 MHz until the final energy of 2 GeV is reached. Simulations of the
latter part are not yet completed and will be subject of another note. The system works
also with 40 MHz, 80 MHz, 200 MHz and finally 400 MHz.
The general layout is presented in Table1
Table1
(2 MV/m at 44 MHz,   4 MV/m at 88 MHz)
Decay Rotation Cooling I Acceleratio
n
Cooling II
Length [m] 30 30 44 44 48
Diameter [cm] 60 60 60 60 30
Focalisation [T] 1.8 1.8 2.0 2.0 2.0
Frequency [MHz] - 44 44 44 88
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Beam dynamics for each section
The beam dynamics of the whole system was studied with the program PATH (CERN
version) To this program, which allowed tracking in electric and magnetic field, decay
and absorber dynamics have been recently added and cross checked against ICOOL.
The particles produced from the target were tracked through the system, cuts in
longitudinal phase space have been made at the interface of each section for sake of
clarity in the presentation.
The decay channel input and output longitudinal and transverse phase space are reported
in figure 1. Notice the transverse emittance increase due to decay.
Figure 1-Longitudinal and transverse phase planes at the input and output of the decay
channel.
At the end of the decay we are bound to select a subset of the surviving muons, because
of the enormous energy spread. Realistically we can count on gradient of few MV/m, and
in order to keep the phase rotation section within a length of approximately around 50 m
we have to limit ourselves to catch some 100 MeV of energy spread. In addition we want
to employ 44 MHz cavities and thus we should choose a population that still has some
structure on 22 nsec. Besides, we have to make a choice between the mostly densely
populated area in the energy histogram and the average energy such that the de-bunching
is not too severe, as we want to produce a solution that is not bound to use very high
gradients. In figure 2 the terms of the trade-off are schematised: the higher the energy the










Figure 2- Left: muon energy histogram at the end of decay and corresponding beta.
Right: de-bunching per meter  (in degrees at 40 MHz) vs. energy
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In this note we have chosen to collect around an energy of 200 MeV (kinetic).
A set-up composed of 30 1m long 44 MHz cavity at 2 MV/m and an aperture radius of 30
cm with a solenoid around the vacuum chamber has been employed, giving the results
reported in figure 3.
Figure 3-Longitudinal and transverse phase planes at the input and output of the phase
rotation system
Notice that the system would work also 1) with a gradient of 1 MV/m (twice the length),
2) if the solenoid can't be fitted around the cavity and the RF cavity and the solenoid are
put one after the other (section of 1m cavity + 1 m solenoid).
At the end of the phase rotation the beam has still a structure on 44 MHz and it can be
cooled without previous bunching. The fundamental cooling cell (fig 4) is composed of
four 44 MHz cells and 12 cm of hydrogen. The phase is changed of 90degrees between
adjacent cells in order to accept 90 degrees of beam, i.e. some 10 nsec. The distortion in
the longitudinal phase space can be tolerated provided the gradient in the cavity is small











Figure 4-Cooling cell at 44 MHz
Figure 5-The principle of acceleration in the first cooling section.
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The energy loss/gain per cell is 4 MV. The process is applied 11 times, achieving a
reduction of a factor of 0.6 in each transverse plane. The beam is then accelerated to an
average energy of 300 MeV by an equivalent set-up (without absorbers). The phase plot
of the beam along this section is reported in fig 6 : the final beam presents a structure on
a 88 MHz scale and the cooling process can be continued, using the same acceleration
scheme, with 88 MHz cavities 0.5m long at 4 MV/m and 15 cm aperture radius. The final
beam phase space is reported in fig 7. The fraction of muons within the 6D recirculator
acceptance meet the specification of the neutrino factory as reported in the next section.
Figure 6-the longitudinal phase space evolution in the first cooling section.
Figure 7- The transverse and longitudinal phase space at the end of cooling. The ellipse
area are 1.5S cm rad for the transverse and 300 S mm dp/p (normalised) for the
longitudinal [4]
Particle budget
For 1000 protons impinging instantaneously on the target we obtain at the input and
output of each section the number of muons reported in Table 2 . This correspond to
0.0156 P/proton, and assuming 10^23 proton/year (1 year=10^7 sec),i.e. the flux of the
CERN proton driver, this system would give 1.6 10^21 P/year.
If we remove the production mechanism from the count (which will be better defined
after the HARP results-sept2000) this system would give 0.09 P/(S collected in a 30 cm
radius).
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Table2











The technical challenges and an estimate of the RF power needed
The underlying motivation for this set-up is to propose a solution that makes use of
existing technology or a little extrapolation of it. The starting value for the gradient of the
44 MHz cavities came from the performance of the existing PS-40MHz cavity [5]. Some
exploratory SFH runs have been made [6] on a 44 MHz normal conducting cavity with a
bore radius of 30 cm and the results are encouraging (1.6 MW power required for 2
MV/m). This cavity could accommodate a solenoid around the chamber (see drawing in
appendix-courtesy of F. Gerigk). Some preliminary estimation of the power losses, for
2MV/m at 44 MHz and 4 Mv/m at 88 MHz gives a figure of 10 MW for the entire phase
rotation and cooling system, assuming that the system is pulsed at 75 Hz. Should power
be an issue, the system could as well work with half the gradient, at the expense of
length.
The impact on the accumulator/compressor design
The present accumulator and compressor ring beam output longitudinal structure is
reported in fig 8. The scheme can be used without modification for the 44 MHz RF
scenario, although the latter allows for a delay between bunches as short as 25 nsec, thus
relieving constrain on the charge per bunch (from the present 12 bunches, 140 bunches
could be accepted). Some studies to readapt the longitudinal structure from the
accumulator and make a better use of the linac beam have started and give promising
results.
The influence of the proton bunch length on the yield of the system is reported in table3.
The lower charge per bunch allows a tighter compression and 3nsec -or less-long bunches
could be achieved.
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Figure 8-Time structure of the proton beam on target. Repeated at 75 Hz.
Table 3

















Conclusions and future work
A study of a RF phase rotation and cooling scheme that meets the muon flux required by
a neutrino factory has been started. Preliminary results seem encouraging. The
advantages of this scheme are: the use of moderate gradient, the possibility of working
with solenoids decoupled from rf cavities, and the better match to the CERN proton
driver capabilities.
Future simulation work includes: the optimisation of the transition between sections; the
completion of the design of the final acceleration; and a more thorough tuning of the
parameters of each section. A cooling section with a different dynamics (beam on the
crest of the wave, no longitudinal focusing) is being computed.
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